The tetragonal to monoclinic (t-m) phase transformation of zirconia has been the object of extensive investigations of the past 20 years and is now recognized as being of martensitic nature. However, martensitic transformation has only been observed by transmission electron microscopy or indirect methods. Though the benefit on the fracture toughness and crack resistance was the main interest, the transformation is now considered for its consequences on the degradation of the material. The use of atomic force microscopy reported here allowed the observation of the first stages of martensite relief growth and of new martensitic features.
I. Introduction
T HE tetragonal to monoclinic (t-m) phase transformation of zirconia has been probably the most studied phase transformation among ceramics, since the transformation toughening effect increases fracture toughness and crack growth resistance. 1, 2 There is now regained interest from a biomedical point of view, since degradation and rupture of hip joint prostheses related to the transformation have been reported recently. 3 Phase transformation occurring with time at the surface of zirconia implants is now referred to as aging. Zirconia is indeed retained in its tetragonal metastable structure at ambient temperature after processing, and phase transformation to its stable monoclinic phase might occur under hydrothermal and mechanical stresses. 4 -8 Though the underlying chemical mechanism is still a point of debate, the transformation is now commonly recognized as being of martensitic nature, 2, 9, 10 i.e., diffusionless and athermal, involving shape change dominated by shear and occurring at high speed. Indirect methods such as X-ray diffraction (XRD) or differential thermal analysis (DTA) provide information on the global behavior of the material. Further progress into understanding the nucleation and growth (NG) mechanism was accomplished by using optical interferometry, 12 and martensitic relief observations were also reported 13 with use of interferometry and Nomarski interference. One atomic force microscopy (AFM) observation, 14 performed at high scanning speed and in tapping mode, has confirmed the NG nature of the transformation. Transmission electron microscopy (TEM) on thin foils has confirmed 1, 15, 16 the presence of monoclinic laths within the grains. The next step in the mechanistic understanding is the observation of the transformation initiation. Thus, AFM observations brought new features to light, associated with the relief, that were not accessible by other conventional techniques.
II. Experimental Procedure
Samples were processed using yttria-stabilized zirconia powder (3Y-TZP, Tosoh TZ-3YS, Tosoh Corp., Tokyo, Japan). Green bodies, after uniaxial cold pressing at 10 bar, were isostatically cold pressed at 1300 bar and finally sintered at 1773 K for 5 h in air. The obtained plates were machined to small bars. The side of each bar on which analysis was to be performed was mirrorpolished with diamond slurries and pastes, reaching surface roughness (Ra) values as low as 2 nm. Samples were thermally etched for 18 min at 1673 K, i.e., 100 K below the sintering temperature, to form slight thermal graves of grain boundaries without affecting the physical properties. The aging treatments were conducted in an autoclave (Fisher Bioblock, Elancourt, France) at 383 K, ensuring a 100% water vapor atmosphere. The surface was observed using AFM (D3100, Digital Instruments) in contact mode with a scanning speed of 10 m⅐s Ϫ1 .
III. Results and Discussion
A transformed zone is shown in Fig. 1 observations here clearly show the apparition of different orientations of the martensitic relief for each grain. The image of Fig. 2 was acquired on a single grain and at very low scanning speed to provide maximum definition of the picture. The very regular orientation of the planes is readily observed, and different variants of various orientations and sizes are present. Though the grain is not very large, several laths within just a grain appeared during the aging treatment. Moreover, it is worth noticing that the three main variant pairs are intersecting at a right angle. This observation is consistent with the crystallography, since two perpendicular planes of the tetragonal system are crystallographically equivalent.
Another point of debate was whether a grain would transform all at once, due to high-speed transformation, or if the martensitic plates would progressively invade the grain. Some TEM observations 1, 17 of partially transformed grain have already been reported. However, due to the intrinsic nature of TEM, the observed samples might be considered as being in a modified physical and chemical environment. Grains lying along the border do not have neighboring grains, neither on their side nor above or below them. Thus, the extrapolation to massive samples might be questionable. 10 This phenomenon is reported here for the first time on the surface, by means of direct observations, as shown in Fig. 3 , where the first stage of growth of some monoclinic plates is observed initially at the grain boundary and propagated later on to the adjacent part of the grain. This clearly proves that the transformation of a single grain does not occur instantaneously, completing previous TEM observations. It was also expected from calculations and stress analysis 18, 19 that the transformation would start at a triple junction of grain boundaries, due to higher residual stresses, though no observations have been reported so far. This is observed in Fig. 3 . Further statistical analysis will be performed to confirm this.
Finally, several theoretical studies have shown the propagation mechanism of martensitic plates from one grain to another one, considering that high local stresses appear at the junction of the martensitic laths due to shear strain accommodation. Thus, the apparition of a single martensitic variant within a grain might provoke the transformation of another variant of the neighboring grain, providing enough stresses-related energy to overcome the nucleation barrier. Considering this mechanism, the orientation of most of the transformed laths is different from that of the initial one. However, an interesting feature is characterized here, in Fig.  4 . A transformed lath starts at one grain and goes through the other side of the grain boundary. Theoretically, it has been shown 10, 13 that, under certain crystallographic conditions of the original t phase, the transformed martensitic variant might traverse several tetragonal domains. This would explain very nicely the observed feature.
IV. Conclusion
Observations of martensitic relief of a few dozens of nanometers in yttria-stabilized zirconia by atomic force microscopy in contact mode are reported here for the first time. The different features showed here fit very well the model of martensitic transformation. The junction planes angle correspondence and the progressive invasion of martensite laths with different orientation was observed. Transgranular monoclinic variants also appeared, as predicted theoretically by some authors. Using AFM should bring observations of martensitic features that were not accessible by other techniques.
